Purpose: Surrogate endpoints are needed that correlate with overall survival (OS). We analyzed individual patient tumor data from a phase III trial of vemurafenib versus dacarbazine (BRIM3) to identify criteria for tumor measures that correlated with OS. Correlates were validated using a separate data set from a phase II trial of vemurafenib (BRIM2).
Introduction
Primary clinical endpoints to establish benefit of an anticancer drug include improvement in overall survival (OS), quality of life, tumor-related symptoms, or physical functioning (1) . All other endpoints, such as progression-free survival (PFS), tumor shrinkage measured as response proportion, or biomarkers, are considered potential surrogate endpoints and may or may not correlate with primary endpoints (2) . Response proportion, as defined by RECIST criteria (3) , is commonly used as a surrogate endpoint for OS in early-phase studies. However, tumor response has not always been a reliable endpoint (4) (5) (6) . This is not surprising as our current definitions of response are essentially unchanged from their development decades ago when investigators struggled to identify minimal tumor responses using only plain X-rays and physical exams (7, 8) . The development of response criteria have never been based on correlation with metrics of clinical benefit such as OS.
The RAF inhibitor vemurafenib was the first treatment for melanoma that showed both a high objective response proportion (9) and a significant improvement in OS in a large randomized phase III trial (10) . As a result, this trial provided the first opportunity (and perhaps the last, because of multiple effective therapies now available in the event of relapse) to assess surrogate endpoints such as antitumor response and time to progression (TTP) for correlation with OS in melanoma. We report here our findings analyzing measures of response and progression, and their strength of association with OS at the individual patient level. This unique data analysis provides the first evidence in melanoma at the individual patient level for TTP as a surrogate endpoint that correlates with OS. These results could have important implications for the choice of surrogate endpoints in future clinical trials in melanoma.
Materials and Methods
Data on target lesion size at each time point measured and OS were provided by Genentech on patients from both the BRIM3 (10, 11) and BRIM2 (9) trials. BRIM3 (N ¼ 675) was a multiinstitutional phase III trial in which previously untreated patients with BRAF V600E -mutated metastatic melanoma were randomized between vemurafenib and dacarbazine (10) . Appropriate crosssectional imaging of the chest, abdomen, and pelvis was performed at baseline, week 6, week 12, and every 9 weeks thereafter. Treatment cross-over was not permitted initially but after the planned OS interim analysis (once 50% of the projected deaths had occurred), the protocol was amended upon the Data Safety Monitoring Board's recommendation in January 2011 to allow cross-over. Ultimately, 25% of the dacarbazine patients crossed over to vemurafenib at progression (11) . All outcome data were used for dacarbazine patients who crossed over to vemurafenib, including outcomes data after crossover. After participation on this trial, 22% and 18% of the dacarbazine and vemurafenib patients, respectively, received ipilimumab as melanoma therapy (11) . BRIM2 was a multi-institutional single-arm phase II trial of vemurafenib in 132 patients with BRAF V600E -mutated metastatic melanoma (9) . For this trial, previous treatment was required and in fact, 49% of patients had received more than one prior therapy. Cross-sectional imaging was performed at baseline and every 6 weeks thereafter.
In both BRIM3 and BRIM2, up to five target lesions were assessed per patient, according to RECIST 1.1. The primary objective of our analysis was to determine the strength of association between overall survival time and quantitative radiographic measures of early (within 12 weeks) tumor response and progression at any time. To assess the association between early response and OS, we first summed the target lesions at each scan time during the first 12 weeks. Next, we calculated the relative percent reduction in tumor burden at each time as 100 Â (sum baseline À sum followup)/(sum baseline). Finally, we defined early best response for each patient as the maximum relative percent reduction in tumor burden within the first 12 study weeks. The 12-week time point was used to define early best response as both BRIM3 and BRIM2 had scans scheduled at this time point and significant tumor responses beginning after week 12 are uncommon on either vemurafenib or DTIC.
Thresholds of early response were explored ranging from any degree of tumor shrinkage to 100% tumor shrinkage, in 10% increments. Because sample size was limited, only thresholds containing at least 10% of the data in each group were considered. To assess the association between early response and OS, we used a nonparametric weighted C-index (12) that is appropriate for use with censored survival data. The weighted C-index was normalized to range between 0 and 1 (with 0 indicating no association) to create comparability with the TTP association metric discussed below. The SD of this normalized version was estimated using bootstrap methodology. A landmark analysis was used estimating survival from the landmark time point of 12 weeks. Patients who died or were censored prior to 12 weeks could not be evaluated for correlation of early response with OS (13) .
For the assessment of TTP, cutoffs for progressive disease were defined as any increase, 25%, 50%, or 100% increase in the sum of the target tumor diameters. All patients with at least one follow-up scan were evaluable for the association between TTP and OS. Progression was calculated both from baseline and from a response nadir, if one existed. In addition, we considered the development of new lesions and evaluated both scenarios, including and excluding the development of new lesions, as a progression. At each scan time, the nadir was defined as the minimum of the sum lesion size at all preceding scans. To avoid large percentage changes when the nadir was a very small value, nadir values below 2 mm were analyzed as 2 mm for the purposes of this analysis. TTP was calculated from date of study enrollment to date of progression, by each definition, or last follow-up. OS was calculated from the date of study enrollment to the date of death or last follow-up. As TTP and OS are both right censored endpoints, the Kendall tau (t), derived from the Clayton copula and scaled between 0 and 1, was used as the measure of association (14) .
Both BRIM3 study arms were pooled for primary analyses. Subanalyses examined patients treated with vemurafenib or dacarbazine separately. The BRIM2 data were used for independent validation of the findings from BRIM3. Data cutoff for both studies was February 1, 2012.
Statistical analyses were conducted using SAS software version 9.4 (SAS Institute), R software version 3.1.1 (R Core Development Team, Vienna, Austria) including the "survival" and "CPE" packages, and the FORTRAN programming language.
Results

Correlation of tumor response with OS in BRIM3
Our initial hypothesis was that some degree of early (within the first 12 weeks of treatment) tumor shrinkage would correlate with OS. A total of 489 patients alive and on study at the 12 week landmark time point were used to determine if early response correlated with OS. We tested a series of response thresholds for association with OS ranging from 10% to 60% maximum reduction of the sum of the target lesions ( Fig. 1 ). We found that early tumor shrinkage had almost no correlation with OS no matter what threshold we looked at (normalized weighted C-index values 0.10-0.15). Similar results were observed in a sensitivity analysis using a 6-week landmark time point ( Supplementary  Table S1 ). In case the low response proportion and high cross-over rate of the DTIC cohort was confounding this analysis, we analyzed the vemurafenib cohort separately. We found a similar range of normalized weighted C-index values (0.09-0.18), confirming the weak correlation of tumor response with OS even among the vemurafenib cohort ( Supplementary Fig. S1 ).
Correlation of TTP with OS in BRIM3
We next examined the association between TTP and OS. A total of 582 BRIM3 patients had at least one follow-up scan at any time and were evaluable for the TTP endpoint. Progression was measured either from baseline or nadir tumor size, with and without new lesions considered as a criteria for progression. Within each of
Translational Relevance
For patients with metastatic melanoma, there are now several treatment options that improve overall survival. In the future, clinical trials developing new treatments may not be able to rely on overall survival (OS) as a primary endpoint. The field will need surrogate endpoints that correlate with OS at the individual patient level. Our data show that early tumor shrinkage (within the first 12 weeks) was only weakly correlated with OS no matter what threshold of tumor response we tested (ranging from any response to 100% shrinkage). On the other hand, time to tumor progression (TTP) was much more strongly correlated at the individual patient level, especially if progression was defined as !50% tumor growth. These results suggest that TTP (or progression-free survival) defined in this way might be a better surrogate for OS than tumor response.
the four settings, we tested a series of tumor progression threshholds for association with OS ( Table 1) . We found the strongest association between TTP and OS when progression was defined as a 50% increase in the target lesions whether or not new lesions were considered as progression, either from baseline (without new lesions t ¼ 0.675; with new lesions t ¼ 0.588) or from best response (without new lesions t ¼ 0.638; with new lesions t ¼ 0.568). An increase of 25% also correlated with survival, but not quite as strongly.
When we examined the association between TTP and OS in the vemurafenib cohort separately, (n ¼ 325; Table 2 ) many patients were classified as having progressed due to the appearance of new tumors rather than due solely to the growth of target lesions. For example, when defining progression as a 25% increase in the sum of the target lesion size from nadir, 107 of 252 patients (42%) progressed solely due to appearance of new lesions. The strongest correlation with OS was seen when progression was defined as !50% increase in the sum of the target lesions or appearance of new lesions (t ¼ 0.655). Lower thresholds of progression, such as any increase or !25% also correlated with OS, but less strongly (t ¼ 0.518 and 0.608, respectively). A similar pattern of results was seen when TTP from best response was evaluated. If Correlation of tumor response over the first 12 weeks with overall survival in all patients on BRIM3. Responses were defined as 10%, 20%, 30%, 40%, 50%, or 60% reduction in the sum of the target lesions. The weighted C-index was normalized to range between 0 and 1, and SDs were calculated using bootstrapping. Tick marks, censored patients.
progression was defined without consideration of the appearance of new lesions, the correlation with OS was considerably weaker.
For the DTIC cohort (Table 3) , target lesion progression from baseline had a greater impact on the association between TTP and OS than in the vemurafenib cohort. This magnitude of this correlation may have benn slightly diminished by the 25% of DTIC patients who ultimately crossed over to vemurafenib. The strongest correlation with survival was seen when progression was defined as a 50% increase in the target lesions without considering the appearance of new lesions, whether evaluated from baseline (t ¼ 0.727) or from best response (t ¼ 0.697). In this cohort, allowing the appearance of new lesions to define progression reduced the correlation with OS. This indicates that for patients treated with DTIC, meaningful progression is mostly due to the enlargement of target lesions and less commonly due to the appearance of new tumors.
Validation of findings using the BRIM2 data set
For validation, the 132 patients treated with vemurafenib on BRIM2 (9) were evaluable for both early best response and progression endpoints. We analyzed the BRIM2 data set for the association of the TTP with OS (Table 4 ). Similar to the vemurafenib group in BRIM3, the association with survival was highest when progression was defined as a 50% increase in the sum of the target diameters or appearance of new tumors (t ¼ 0.723). Although, a strong association with OS was identified with any increase from baseline in the BRIM2 patients. A similar pattern of results was seen if progression was defined as an increase from best response of 25% (t ¼ 0.635), 50% (t ¼ 0.708), or 100% (t ¼ 0.710).
As with the BRIM3 data, we tested a series of early best response thresholds for their association with OS in the BRIM2 patients (Fig. 2) . In the BRIM2 patient cohort, there was a much stronger association of response with survival. This discordance between BRIM2 and BRIM3 with regard to the association of response with survival may be due to the fact that BRIM3 patients were treatment-na€ ve, whereas the BRIM2 patients had received prior ther-apy. In fact, 49% of BRIM2 patients had received two or more prior therapies. Tumor shrinkage may have some correlation with OS in patients who have already progressed on multiple prior therapies and yet are still healthy enough to participate on a clinical trial. This suggests that the correlation of response with OS is not robust. The strongest association between response and OS in BRIM2 was seen when tumor shrinkage greater than 10% was considered a response (normalized weighted C-index ¼ 0.49). With more stringent response criteria (i.e., shrinkage of target lesions by more than 20%), the association became weaker (normalized weighted C-index values 0.16-0.30), although these values were still greater than those seen in BRIM3.
Discussion
Tumor shrinkage was among the first biomarkers used in oncology clinical trials and among the first surrogate endpoints for OS. The first widely adopted standard tumor response criteria, published by the World Health Organization in 1981 (7), used a 50% shrinkage of the sum of the products of bidimensional tumor diameters as the requirement for a partial response. This threshold was based on guidelines originally designed to limit interobserver variability when measuring tumor shrinkage by physical exam (8) . Subsequent iterations of response criteria generally kept this magnitude of tumor shrinkage as the threshold for a partial response (15) to allow historical trial comparison even though it was never based on correlation with OS. Several meta-analyses have shown that response can correlate with survival at the clinical trial level (6, 16, 17) but few analyses have shown correlation between response and survival at the individual patient level (18, 19) and no such analysis has been done in melanoma. Recently, Shi and colleagues using similar methodology, reported a comparable magnitude of correlation between PFS and OS in colorectal carcinoma patients treated in 12 different studies (19) . Although they did not explore different criteria for PFS as we have done, our results validate these conclusions in a different tumor type. There has been effort to correlate early tumor shrinkage with OS in other cancer types at the individual patient level (20) (21) (22) . However, these studies are limited by relatively low rates of tumor response and no measure of the magnitude of correlation. The BRIM2 and BRIM3 trials were the first opportunities in melanoma to look at correlations between response and OS at the individual patient level because vemurafenib was the first drug for melanoma associated with a high objective response rate and improved OS. At the time of these trials, there was limited availability of other treatments (eg, ipilimumab) after progression that might affect OS. We found that the correlation of tumor response with OS in BRIM3 was weak no matter what threshold of response we used.
There was, however, a correlation between TTP and OS. In BRIM3, we found the strongest correlation with OS when we defined progression as >50% increase in the sum of the target lesion size. This suggests that patients with <50% increase in tumor size need not be considered to have progressed. In patients Correlation of tumor response over the first 12 weeks with overall survival in all patients on BRIM2. Responses were defined as 10%, 20%, 30%, 40%, 50%, or 60% reduction in the sum of the target lesions. The weighted C-index was normalized to range between 0 and 1, and SDs were calculated using bootstrapping. Tick marks, censored patients. who progressed on DTIC, most progressed on the basis of target lesion growth. This is consistent with the observation that at treatment start, there is global resistance to DTIC in most patients as implied by the low response proportions. In contrast, progression on vemurafenib was often due to appearance of new tumors. This could be due to the fact that in most patients treated with vemurafenib, there is shrinkage of target lesions. When the melanoma becomes resistant, slight growth of previously undetected tumors could result in the appearance of new tumors before the target tumors had yet grown sufficiently to qualify as progression. An alternative hypothesis is that smaller, undetectable tumor deposits more readily develop resistance to RAF inhibitors than larger tumors. The correlation between TTP and OS in patients treated with vemurafenib on BRIM3 was validated by data from BRIM2 suggesting that this correlation is robust.
Recently, using standard RECIST criteria, Chan and colleagues reported that only 18% of patients treated on a variety of clinical trials either with dabrafenib or vemurafenib progressed solely on the basis of new lesion formation (23) . However, their patient cohort, which was smaller than ours, was also substantially different. Their cohort had a high incidence of CNS metastases (28%) compared with <1% in our two trials combined. A substantial proportion had received prior therapy compared with no prior therapy in BRIM3. Some of their patients had BRAF V600Emutated malignancies other than melanoma.
Previously, Flaherty and colleagues examined the correlation between PFS and OS in 12 melanoma trials at the meta-analytic level (17) . The challenge with interpretation of these data is the variability in treatment and mechanism of action of the therapeutic agents in the 12 trials, and the limited follow up in some of the trials.
There are some limitations of our study. The imaging data were originally collected and curated for analysis of the study trial endpoints; we did not remeasure any of the lesions on the scans. Other lesion selection might have produced other sums of lesions and categorical responses (24) . RECIST criteria for progressive disease may be met by one or more of three criteria: tumor size increase, unequivocal progression of non target disease, or new lesions. It is possible that data on new lesions may not have been consistently collected in cases where there was obvious progression as a result of target tumor measurements, or vice versa. This could affect the ratio of progressions attributed to target lesion growth versus progressions attributed to new lesions alone. Finally, we did not consider the category of non-target lesion progression alone. The category is qualitative indeed and subjective and would be difficult to categorize and conceptualize in the context of the quantitative correlative nature of this article.
There has been a revolution in the treatment of metastatic melanoma. We now have six FDA-approved drugs for metastatic melanoma, four of which have been demonstrated to improve OS compared with DTIC. It is likely that we will have additional highly effective drugs soon. This progress provides patients with multiple treatment options that can prolong OS and as a result, it may be difficult to assess the effect of any new therapy for melanoma on OS in future trials because of postprogression treatment options. In melanoma, BRIM3 may be the only opportunity to examine the correlation between the intermediate endpoints of response and TTP with OS at the individual patient level. The data indicate that TTP defined as growth of the sum of target lesions by 50% or appearance of new lesions, best correlated with OS. This correlation of TTP with OS was validated in the BRIM2 data set. Early tumor response correlated only weakly with OS.
We used TTP to obtain an unencumbered estimate of the correlation between progression on imaging and survival. In future melanoma trials, PFS may be more appropriate as a surrogate endpoint for OS as it includes death without documented progression as an event. Although changing our chief surrogate endpoint from tumor response to PFS with progression defined as we have done in this analysis would represent a major adjustment, our data indicate that it is the surrogate endpoint that more likely correlates with OS. It remains to be seen if PFS defined in this way is correlates with OS in patients treated with immunotherapy using ipilimumab and/or antibodies against PD1.
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